The pathway for the utilization of L-arginine, agmatine, L-ornithine, and putrescine as the sole nitrogen source by Escherichia coli K-12 has been elucidated. Mutants impaired in the utilization of one or more of the above compounds were isolated, and their growth on the different compounds as a sole source of nitrogen and the activities of enzymes of the putative pathway were examined. Our results show that L-arginine is first decarboxylated to agmatine, which is hydrolyzed to urea and putrescine. L-Ornithine is decarboxylated to putrescine. Putrescine is transaminated to y-aminobutyraldehyde, which is oxidized to y-aminobutyric acid.
mapped at approximately 30 min.
Microorganisms utilize arginine, ornithine, and putrescine as a source of nitrogen by a number of different pathways. In yeast (27) , Bacillus subtilis (3) and Proteus sp. (21) arginine is degraded to ornithine and urea. Ornithine is degraded to glutamate, and urea is hydrolyzed to CO2 and NH3. In Klebsiella aerogenes (8) , arginine is also degraded to ornithine, although urea is not liberated; an amidinotransferase catalyzes the transfer of the guanido group of arginine to an unknown acceptor. In many Pseudomonas (16) and Clostridium (1) species arginine is degraded to citrulline and ammonia; the citrulline is converted to ornithine which is catabolized to glutamate. In Escherichia coli W (28) , Pseudomonas putida (25) and Streptomyces griseus (24) arginine is degraded to succinate via putrescine and y-aminobutyric acid (GABA). The behavior of some E. coli K-12 mutants, blocked in the utilization of GABA as nitrogen source, that were studied previously in this laboratory (17) led us to believe that the utilization of arginine, ornithine, and putrescine may be to succinate via the GABA pathway. In this report are presented genetic, enzymological, and physiological data which demonstrate that the primary pathway for the utilization of arginine and ornithine as the sole nitrogen source by E. coli K-12 is via putrescine and that putrescine is degraded to succinate via GABA (Fig. 1 ).
MATERIALS AND METHODS
Bacteria. The bacterial strains used are listed in Table 1 . Except for K. aerogenes MK9000 all strains were derivatives of E. coli K-12.
Media and growth conditions. Media and growth conditions have been described previously (29) .
Growth yield experiments. Cells were grown in a glycerol (0.5%) minimal medium with a concentration of nitrogen (as previously determined) sufficient to yield a cell density of 160 to 170 Klett units (filter no. 54). Growth was monitored at frequent intervals until no further increase in optical density was recorded in three consecutive measurements.
The data are presented as optical density (Klett units)/microequivalent of nitrogen. (19) . Penicillin selection of mutants was by the method of Gorini and Kaufman (9) . Conjugation experiments were performed by the phenocopy method of Maas and Maas (15) .
Cell extracts. Cell extracts were prepared from freshly harvested bacteria as described previously (29) . Protein was determined by the method of Lowry et al. (13) (19) . Pyrroline dehydrogenase (EC 1.2.1.19) was assayed by the method of Jakoby and Fredericks (11) . Urease (EC 3.5.1.5) was determined by the method of Friedrich and Magasanik (7) .
Synthesis of A'-pyrroline. A'-Pyrroline was synthesized by the method of Jakoby and Fredericks (11) .
Transport assays. Transport of L-arginine, L-ornithine, and putrescine was measured as described previously (12) except that the incubation period was 5 min; the specific activities of the U-'4C-labeled substrates were 2, 2, and 6 i±Ci/4imol, respectively; and for putrescine transport 0.6 mM potassium phosphate buffer (pH 7.0) was used.
Purification of agmatine sulfate. The agmatine sulfate (Sigma Chemical Co.) was found to be significantly contaminated by putrescine. The agmatine was separated from the putrescine on a Dowex-50 column with a linear HCl gradient of 0 to 2 N. Later in the study, purer agmatine became available (Aldrich Chemical Co.).
RESULTS
To determine whether the enzymes in E. coli which catalyze the biosynthesis of polyamines from arginine and ornithine via putrescine (14) Isolation and characterization of a CS1O1B Pat-mutant. A mutant of CS101B unable to grow on putrescine, arginine, and ornithine, but retaining the ability to grow on GABA, was isolated after UV mutagenesis (Table 3 ). The mutant exhibited 10% of the wild-type level of PAT activity while retaining wild-type levels of the other enzymes of the pathway (Table 2 ) and normal rates of putrescine, ornithitie, and arginine transport (data not shown). The PAT-mutant gave growth yields that were 10% of those of the wild-type on limiting concentrations of arginine, ornithine, and putrescine, while the yield on GABA was the same as that in wild-type. Back transduction of the mutant by a phage P1 strain AT2682 are shown in Table 4 . These results establish that the gene order is met pat arg.
Isolation and characterization of a CS1O1B Prr-mutant. In an attempt to determine whether in E. coli K-12, as in Pseudomonas fluorescens (11) , the product of the transamination of putrescine by PAT (y-aminobutyraldehyde) is converted to GABA, a pyrrolidine nonutilizing mutant was isolated. y-Aminobutyraldehyde exists in equilibrium with the cyclic compound A'-pyrroline, and pyrrolidine is the stable, commercially available reduced form of pyrroline (11) . The mutant CS1O1B Prr-grew on GABA, as did the wild-type parent, but its growth yield on arginine, ornithine, and putrescine as nitrogen sources was only 30% that of the wild type. The mutant did not grow at all on pyrrolidine and exhibited about 10% of the pyrroline dehydrogenase activity of the parent strain while showing wild-type levels of the other enzymes surveyed ( Table 2 ). The prr mutation was located on the E. coli K-12 chromosome (2) between 28 and 32 min by conjugation (Fig. 2) . Lack of mapped genes in this region made it impossible to carry out three-point crosses to establish the precise location of the prr gene.
DISCUSSION
The pathway operative in the utilization of arginine, ornithine, and putrescine as a nitrogen source in E. coli K-12 was established by the isolation and study of mutants blocked at different steps of the pathway. Our results show that ADC and ODC are essential for the utilization of arginine and ornithine, respectively, and that AUH is required for the utilization of arginine and agmatine. These three enzymes are also involved in the biosynthesis of polyamines in E. coli K-12 (14) . The putrescine formed by ODC and AUH is further metabolized by PAT; the lack of PAT completely prevents the utilization of arginine, ornithine, agmatine, and putrescine as a nitrogen source. A block in pyrroline dehydrogenase activity prevents the utilization of one of the two utilizable nitrogens (at the alpha and delta carbons) of each of the four compounds mentioned above. In the wild-type parent this nitrogen is utilized via the GABA pathway (17, 18) . Unlike K. aerogenes (7), E. coli K-12 has no urease activity and is therefore unable to utilize the two guanido nitrogens of arginine and agmatine, which are released as urea by the action of AUH, and urea indeed accumulates in the growth medium (data not shown). Furthermore, in K. aerogenes arginine is metabolized at the five-carbon level via ornithine, the first step being the removal of the ureido group catalyzed by an amidinotransferase. The ornithine formed is transaminated by OAT to pyrroline-5-carboxylate (5-PCA), which is presumably reduced to glutamate by 5-PCA dehydrogenase (8) . Although E. eoli K-12 has ample OAT and 5-PCA dehydrogenase activities, this pathway does not significantly contribute to arginine utilization, probably because of the low amidinotransferase activity (about 10o of that in K. aerogenes; data not shown). Introduction of a putA mutation (5-PCA dehydrogenase negative) into E. coli K-12 CS1O1B indeed did not affect growth on arginine and ornithine (data not shown).
Although ornithine is an intermediate in arginine biosynthesis, a mutant lacking ODC activity cannot utilize ornithine as a nitrogen source via arginine to any significant extent because of the high sensitivity of the arginine biosynthetic pathway to end product repression (20) .
Studies on the regulation of the pathway for the utilization of arginine, ornithine, and putrescine are presented in the accompanying paper (22) .
